. Why is so much money being spent for simulators? Quite obviously because there is a widespread belief that simulators are useful and that their usefulness justifies their cost. Yet, the vice president and director of engineering of a company that manufactures and sells simulators referred to the simulator as fundamentally a box sitting on the ground. How does it happen that the box can cost so much and that some customers are willing to pay the exorbitant coot? Before grappling with the answers to these questions some background is necessary.
USES FOF SIMULATORS
The uses for aircraft simulators that are most directly related to human factors are ones concerned with man-machine interface research and with crew training.
Research
Man-machine Interface research frequently is performed with simulators rather than with aircraft. Use of a simulator permits much more precise control over experimental conditions and permits relatively easy systematic variation of conditions when required. In most kinds of research, use of a simulator provides a high degree of safety as co^parei' to use of an aircraft. Because certain aspects of a flight mission that are not relevant to the research need not be flown In a simulat >r but would, of necessity, be required in an aircrait, time can be saved. The saving in time can be translated directly to a saving in money. Furthermore, additional dollars may be saved if, as can be the case, the acquisition, operation, and maintenance costs are lower for the simulator than for the aircraft.
A disadvantage to the use of a simulator rather than an aircraft for aviation research 's the uncc rtainty about the validity of generalizing results fiom simulator to aircraft. For example, experiments involving flight attitude and steering guidance displays show that different simulator motion conditions not only can result in absolute differences in performance level when compared with flight performance, but also can result in different orders of merit among displays (Jacobs, Williges, and Roscoe, 1973; Williges and Roscoe, 1973).
Training
Many advantages have been presumed, inferred, claimed or substantiated for the use of simulators in pilot training. The most timely advantage asserted for the use of simulators over aircraft is a subsidiary benefit -helping to ease the fuel shortage. This might apply not only to training per se but also to flying for maintenance of proficiency.
The most unusual advantage to be derived from use of a simulator for training is to be found in the cases in which it may be impossible to train the crew members in the actual vehicle during a mission. Indeed, the most glamorous and most widely publicized uses of simulator training were for space vehicle missions. In terms of the overall results, apparently these were highly successful uses of simulators. However, by virtue of the structure of astronaut training programs, it is difficult to determine just what to attribute to the simulator training as opposed to other aspects of the training programs. Also because of the national commitment to be the first country to place a man on the moon, the astronomical costs associated with simulators were not a major consideration.
The claimed advantages of simulators frequently cited for training are in the areas of cost, safety, efficiency, and effectiveness. However, some of these are equivocal. It must be concluded that simply using a simulator that costs much less per hour to operate does nor guarantee that the simulator training program will be cost-effective as compared to an aircraft training program.
Safety. A simulator provides a much safer environment for training normal flight procedures and maneuvers. Even more importantly, simulator training can provide the opportunity for a crew member safely to experience the consequences, up to the point of catastrophe, of inappropriate performance or operation. Closely related to this, the use of a simulator also provides an opportunity for training emergency procedures that would be dangerous if employed in aircraft.
Efficiency. Simulators can provide more efficient training than can be realized with aircraft. Initial conditions can be set up for teaching specific maneuvers or operations without requiring the performance of all of the mission phases that must precede them in the flight situations. Simulators can be and sometimes are used for training on a 12 to 18 hour-a-day schedule. They may be used for training regardless of weather conditions. In many cases simulators provide opportunity not available or feasible in aircraft to train the crew members simultaneously.
Effectiveness. An implicit assumption that underlies all of the preceding discussion of the advantages of simulators for training is that some transfer of training can take place from the simulator to the aircraft. It doesn't matter how low the cost, how safe the operation, hew efficient the scheduling of trainees and presentation of training problems, if what is learned in the simulator doesn't transfer to the aircraft. Valverde (1973) has reviewed the research on transfer of training from flight simulator to aircraft and concluded that the sometimes contradictory results may have been due to variables which were not assessed in the experiments. However, there seems to be a preponderance of evidence now that when used in well-designed training programs by flight instructors who are highly motivated, simulators and even mockups are very effective training adjuncts (Caro, 1971 (Caro, , 1972 
COST-EFFECTIVEKESS OF SIMULATORS
The answer to the question Bow much should you pay for that box? depends upon how and for what purpose you plan to use it. Furthermore, fundamental to each potential use is the requirement to answer the question, Should it be used? In simplest terms, a simulator should be used in a training program when it is cost-effsetive to do so. The cost, safety, and efficiency factors related to simulator training that have been described can be expressed in terms of dollars. It has been indicated that effectiveness of simulator training is to be evaluated in terms of transfer to the airplane.
The traditional measure of transfer of training, percent cf transfer is not adequate for evaluating the effectiveness of a simulator training program because it does not take into account the amount of simulator training. Transfer is expressed only in terms of the amount of aircraft training that might be saved regardless of how much simulator training occurred. Clearly, this is of little value for the determination of cost-effectiveness. The real concern is with a comparison between the cost of a unit of simulator training time and the cost of flight time for which the unit of simulator training may be substituted. Roscoe (1971 Roscoe ( , 1972 has developed a measure, the incremental transfer effectiveness ratio, which reflects the fact that successive increments of simulator training yield diminishing transfer to flight. Eventually, an increment of simulator training would IV "..
•".
•Tf~>ft,v|s!ää!SSSs mmämmmsm --mr" -provide so little transfer that the flight time saved thereby would cost less than the r.ext increment of simulator training. The use of the simulator beyond this point would not be cost effective.
Factors that contribute major costs to simulator training programs may or may not contribute to the effectiveness of such programs. The correlation between the cost and effectiveness factors may be far from perfect. In certain cases there may even be a negative relationship between effectiveness and the inclusion of a costly feature.
Effectiveness as a Function of Training Procedun .
The single most important factor that influences the effectiveness of a simulator in a training program is how it is used. Almost 25 years ago Williams (1951) pointed out that the results obtained from a simulator depend a great deal upon how it is used. Twenty-two years and sore almost incredible engineering developments later tua following statements were made:
It is not at all surprising t'vtt flight s-imulators are built as realistically as possible. It is not surprising, either, that pilot-training program designers and, administrators have tended to rely upon such realism to assure adequate pilot training. Too often many of these individuals appear to forget that the simulator
does not train. It is the manner in which the simulator is used that y.felds its benefit (Caro, 1973, p. 509) .
Physical Simulation vs. Psychological Simulation
Given a well-designed training program and competent, motivated instructors and students, what other factors contribute to the effectiveness of a simulation training program? Certainly some of the characteristics of the simulator should be significant. Muckler, et dl. (1959) distinguished between physical simulation which is concerned with the fidelity thai may be achieved between the flight training device and the operational aircraft, and psychological simulation which is concerned with the ultimate criterion of anv synthetic training device: the training value that results from the use of the device.
Much of the development in aircraft simulatcrs has been dominated by the apparent attitude that more is better. This led to striving h ;h for successively higher degrees of physical simulation including more visual, motion, and auditory cues, and for successively greater fidelity of physical simulation. (Valverde, 1973, p. 511 ).
As the degree of engineering simulation
For at least 15 years others who have been involved both in research and training functions have also questioned the necessity and desirability for universally high degrees and fidelity of physical simulation:
It has been suggested that deliberate differences between the simulator and the aircraft may result in greater training benefits than an exact simulation (Huckler et dl, 1959, p. 12) . (Caro, 1973, p. 504 (Blaiwes, Puig, and Regan, 1973, p. 524) .
In some instances, these devices incorporate deliberate deviations from realism in attempts to improve, from the transfer-of-training standpoint, upon the relatively poor learning environment of the design-basis aircraft

Simulator Fidelity and Motivation
Many experienced pilots genuinely believe that the more a simulator responds and feels like an airplane, the greater its benefit as an aid to training and proficiency maintenance. Pilots love to fly. If they can't fly in the air, they want to experience the cloest thing to it on the ground. Flexman (1950, p. 23 There is evidence to support the view that increasing fidelity of simulation in certain ways does have an effect upon performance in the simulator. Koonce (1974) showed that experienced pilots perform better in a simulator with motion cues than without motion cues. This finding could be related to the functioning of the motion cues as a motivational factor or as an alerting factor. If the former is the casfi, it might be expected that any fidelity-related motivational effect would be different for student pilots with no previous aircraft flight experience. The real issue, however, is not how fidelity affects performance in the simulator -whether through motivational effects or otherwise -but how degree and fidelity of simulation affect transfer from the simulator to flight in the aircraft.
Simulator Fidelity and Pilot Acceptance
The factor cf "pilut acceptance" frequently Is cited as a requirement for providing a high degree
and high fidelity of simulation. This is largely a myth that has keen fostered and perpetuated by those interested in development of more complex and more costly simulators. There is no evidence to show that pilot acceptance of simulators is a significant problem. Although airline pilots retain a provision in their contracts that permits them to take a flight check in an aircraft if they fail to pass a simulator check, this provision is rarely exercised. Even if pilot acceptance of simulators were a potential problem, certainly we know enough about the management of reinforcement contingencies in learning to integrate simulator training effectively into a program in a manner that will achieve pilot acceptance. For the beginning student pilot, acceptance of considerably less than perfect fidelity in the simulator should be possible if flight in the aircraft is made contingent upon achievement of specified levels of performance in the simulator.
SIMULATOR FIDELITY AND TRANSFER OF TRAINING
The most extensive engineering development being done to increase the fidelity of physical simulation is perhaps in the areas of motion and visual systems. Certainly these two areas are among the most costly. Are the increasingly higher costs of achieving greater fidelity of physical simulation accompanied by increasing levels of psychological simulation (transfer of training)? There is no completely satisfactory answer to this question yet. Howaver, some relevant data are available in the case of motion, and additional research is in progress.
The simulator is equip,;°d with a two-do^ree-offreedom motion system (pitw and roll). One group performed with no simulator motion. A second group performed with sustained linear, p'-ied-down analog simulator motion. With thi motion condition, as the simulated aircraft enters a turn, the simulator cab is angularly displaced in the direction appropriate for the turn and maintans an angular displacement proportional to the bank angle being simulated until such time as a change in bank attitude is initiated. A third group performed with washout motion. This provides the same roll ai.d pitch acceleration cues as does the sustained motion, but while steady-state flight attitudes other than wings level are simulated, the simulator cab is returned to the neutral position at an angular displacement rate that is below the pilot's vestibular and kinesthetic thresholds for acceleration. Experimental conditions for three groups of 30 pilots differed in terms of simulator motion.
Simulator motion facilitates performance in tha simulator. The group with the no-motion condition consistently had higher error scores than the two motion-condition groups.
A high degree of prediction of flight proficiency of pilots with multi-eugine land and instrument ratings can be made from ground-based simulator performance. The coefficients of correlation between performance measures or. tha second simulator mission and the aircraft mission were quite high for all three simulator motion condition groups. All were reliable at better than the 0.01 level of confidence. The highest predictive validity (r ■ 0.724) was obtained with the sustained motion condition.
The serendipitous res'It referred to earlier ii concerned with the effect of simulator motion conditions upon transfer of training to aircraft flight performance. All three groups 3howed significant improvement in performance between the first and second day in the simulator. In view of the wide differences in experience levels of the pilots and the lack of currency of many of the pilots (some hzd not flown in many years and some had never flown a lazy eight, chandelle, ADF instrument approach, or ILS instrument approach) it seems reasonable to interpret the improvement in simulator performance as learning. Therefore, the two simulator missions can be considered as training sessions for some and as refresher sessions for others.
Did the simulator training transfer to aircraft flight performance? All three groups showed significant improvement in performance between the second simulator mission and the aircraft mission. Either the airplane was easier to fly than the simulator or there ./as transfer of training from the simulator to the airplane. Although the differences among performances of the three groups in the aircraft were not statistically reliable, the disproportionate Ml "■";-.-'.■■:;■ ■ '?-.T." :,^-y-: : : •"___-_"_ improvement of the no-motion group strongly suggests differential transfer. Certainly, there is no evidence that simulator r tion of either of the two types used enhanced tran; tr of training from the simulator to the aircraft. On the contrary, it na very well be the case that : '.th simulator motion, pilots learn to respond to cceleration cues that may no'<. be present in aircraft flight because much aircraft motion Involves accelerations that are below detection threshold.
An experiment specifically designed to measure transfer of training from simulator to aircraft as a function of simulator motion conditions is being performed by Robert S. Jacobs as his doctoral research at the University of Illinois. A control group of beginning student pilots is being trained entirely in an aircraft. Three groups are being given simulator training under different motion c-ditions prior to transferring to the aircraft. These include no motion, normal washout motion, and directionally uncorrelaced washout motion. The different simulator motion conditions are intended to permit evaluation both of the possible alearting function and the directing function ot aotiou.
